The Jinan Karst Spring System in Shandong province, China, has suffered to maintain groundwater level and spring flowing for decades. Recharge of river water to karst aquifer in Jinan is important for the outflowing of four large karst springs in the city center. Field investigations were conducted for two times in May and October, 2015, respectively and water samples were collected for hydrogeochemical and isotopic measurements. Results showed that (a) the water type was predominantly Ca-HCO 3 -SO 4 for karst groundwater, and Ca-Mg-SO 4 for river water; (b) the concentration of HCO 3 − and NO 3 − in karst groundwater were higher than that in river water, in contrast, the concentration of SO 4 2− and K + in karst groundwater were lower than that in river water; (c) the δ 2 H and δ 18 O values with average of −51.2 and −6.6 for river water is more enriched than the values in groundwater samples (−59.1 and −8.3 ), in that river experienced evaporation in the upstream reservoir; (d) Based on the distribution pattern of δ 18 O, groundwater near river bank was found to be recharged from river water and found a preferential flow path in karst aquifer situated from Dongkema to Manzizhuang near the river bank. This study provides useful information for understanding of the hydraulic connection between river water and karst aquifer, and benefit the protection and management of water resources.
Introduction
The evaluation of effect of river water recharge on karst aquifers has double significances: the scientific one in terms of the relationship between river water and karst aquifers and the applied one in terms of the assessment and protection of karst water resources. However, it is not easy to identify the effect of river water infiltration through the streambed on karst groundwater due to the complex hydrogeological conditions of karst systems [1, 2] . On one hand, the karst aquifer comprises a pattern of triple porosity, the matrix, fractures and conduits, which causes a high degree of heterogeneity on the hydraulic conductivity [3] [4] [5] [6] [7] and make it difficult to identify the flow paths and spatial effect areas of river water recharge in karst aquifers [8] . On the other hand, the recharge from the intermittent river is seasonally variable [9] [10] [11] , which makes it difficult to reveal the temporal effect of river water recharge on karst groundwater [1, 12] .
Traditional hydrogeological investigations such as water level monitoring and river flow measurement result in uncertainty in evaluating the effect of river water recharge on karst groundwater The karst aquifers consist of Cambrian and Ordovician carbonate rocks, with the hydraulic conductivity ranges from 0.05 m/day to 120 m/day [26] . Groundwater is tending to move from the south toward the north (similar to the dip direction of strata) and is hindered by the intrusive rocks to form discharge areas. In the city of Jinan, 108 springs occurred in an area of 2.6 km 2 , of which Baotu Spring, Black-tiger Spring (Heihu Spring), Pearl Spring and Five-dragon Springs are the most well-known. The total discharge of springs was in the range from 3 × 10 5 to 4 × 10 5 m 3 /day in the 1960s, with the maximum value of 5 × 10 5 m 3 /day in 1962. Springs stopped flowing at the first time in 1973 and later on, zero flow occurred in 1982, 1989 and 2000-2002 due to the over-exploitation of groundwater. In order to restore the flow of these karst springs for environment and tourism, municipal water supply wells were switched off and river water has been drinking water as replacement. Flow of Baotu spring and Heihu spring has been restored since September 2003.
Precipitation is the main recharge source of the karst aquifer ( Figure 2) , with a supply module of more than 20 m 3 /a.km 2 . Spring water level responds within 5 days when the total precipitation of 10 days is more than 18 mm [27] . Yufu River is another important recharge source of the karst aquifer [28, 29] , which originates in the southern mountains and flows in a northerly direction for about 65 km with a watershed of approximately 1510 km 2 . The streambed of Yufu River is dry in recent decades, strongly driven by climate change (warmer and drier) and human activities (water withdrawal from rivers, groundwater exploitation, etc.). In the dry season, the water in Yufu River is possibly charged by water transported from upstream reservoirs, the Yellow River, and/or the Yangtze River through the South-to-North Water Diversion Project. The total volume of transported water was 4347 × 10 4 
Methods
In order to evaluate the effect of recharge from Yufu River on Jinan karst aquifer, two hydrogeochemical and isotopic investigations were conducted in May and October in the year of 2015, respectively. In total, 58 water samples were collected, with 28 samples (24 groundwater samples, 2 spring samples, and 2 river water samples) collected in May and 30 samples (26 groundwater samples and 4 spring samples) collected in October. River water samples were collected using the grab technique, and groundwater samples were collected from public supply wells after purging a minimum of three estimated casing volumes. The water samples were filtered through a 0.45 μm membrane filter after sampling. Samples for cation analysis were stabilized by adding 1% HNO3 immediately after filtration. The hydrogeochemical samples were collected in high density polyethylene bottles, which were pre-cleaned with 5% HNO3 and deionized water. Samples for δ 18 O and δ 2 H measurement were sealed in 50 mL glass bottles using gas-tight caps. Samples for 222 Rn were 
In order to evaluate the effect of recharge from Yufu River on Jinan karst aquifer, two hydrogeochemical and isotopic investigations were conducted in May and October in the year of 2015, respectively. In total, 58 water samples were collected, with 28 samples (24 groundwater samples, 2 spring samples, and 2 river water samples) collected in May and 30 samples (26 groundwater samples and 4 spring samples) collected in October. River water samples were collected using the grab technique, and groundwater samples were collected from public supply wells after purging a minimum of three estimated casing volumes. The water samples were filtered through a 0.45 µm membrane filter after sampling. Samples for cation analysis were stabilized by adding 1% HNO 3 immediately after filtration. The hydrogeochemical samples were collected in high density polyethylene bottles, which were pre-cleaned with 5% HNO 3 and deionized water. Samples for δ 18 O and δ 2 H measurement were sealed in 50 mL glass bottles using gas-tight caps. Samples for 222 Rn were sealed in 100 mL glass bottles.
Water temperature, pH, and electrical conductivity (EC) were measured in the field during sampling using WTW portable multi-parameter instrument (Multi 340i/SET), with the precision of ±0.1 • C for temperature and ±1 µs/cm for EC. The major ion (SO 4 2− , NO 3 − , Cl − , Ca 2+ , Mg 2+ , Na + , and K + ) were measured using ion chromatography (Dionex DX-120 Ion Chromatograph, Thermo Fisher Scientific, Washington, DC, USA) with analytical precision ±5%. 222 Rn concentration of water sample are presented in Table 2 . The water type was calculated using AquaChem software (3.7) (waterloo hydrogeological, Kitchener, ON, Canada), the saturation index for calcite (SIc), dolomite (SId), and gypsum (SIg) were calculated by Phreeqc (version 3.3.12) (USGS, Reston, VA, USA), and Q-mode hierarchical cluster analyses (HCA) were performed on the major ions (HCO 3 − , SO 4 2− , NO 3 − , Cl − , Ca 2+ , Mg 2+ , Na + and K + ) and δ 18 O and δ 2 H to group the samples using SPSS software (version 21) (IBM, New York, NY, USA). Before the HCA, the above parameters were standardized by calculating their z-scores, to ensure that each variable is weighted equally. Euclidean distance together with Ward's method for linkage were used to produce the distinctive groups. Results can be displayed as a tree diagram (dendrogram), which provides a visual summary of the clustering process by presenting a picture of the groups and their proximity. Inverse hydrogeochemical modeling was done using the Phreeqc (version 3.3.12) to quantify the mass transfer along the water flow path. The mass transfer models are constrained by the concentrations of the dissolved constituents in initial and final waters, such as C, S, Ca, Mg, and CO 2 . Calcite, dolomite, and gypsum were chosen as the major mineral phases. The uncertainty (global uncertainty) for water composition was 5%; in cases where the model could not produce a result, global uncertainty was increased by integer increments up to 20%. 
Results

Hydrogeochemistry
The temperature of groundwater samples ranged from 14. (Figure 3a) . According to the criterion of ±0.1, most groundwater samples were unsaturated with calcite. The saturation index of dolomite (SId) ranged from −1.26 to −0.06 for groundwater in May and from −1.34 to −0.59 for groundwater in October (Figure 3b ). According to the criterion of ±0.5 [30] , groundwater samples were generally unsaturated with dolomite. The saturation index of gypsum ranged from −2.15 to −1.23 for groundwater samples in May and from −1.86 to −1.33 for groundwater samples in October, indicating that the groundwater samples were unsaturated with gypsum ( Figure 3c ). The SIc and SId for river water were less than that of groundwater (−0.48 and −1.33, respectively), while the SIg for river water was similar to that of groundwater with a value of −1.43.
The groundwater samples were generally located between the 1:2 and 1:4 line of (Ca-SO 4 )/HCO 3 (Figure 3d ), reflecting the dissolution of calcite and dolomite. The same result was also obtained from the ratio of Mg/Ca which ranged from 0.11 to 0.73, as the Mg/Ca ratio was 0.03 and 1 for calcite and dolomite, respectively (Figure 3e ). The ratio of Na/Ca in both calcite and dolomite is low, 0.005 and 0.01, respectively. Thus, the high ratio of Na/Ca in groundwater samples indicated mixing with river water, as the water from Yufu River had a higher Na/Ca, around 0.7( Figure 3f ).
Based on hydrogeochemical data, the water type of most groundwater samples was Ca-HCO 3 -SO 4 , and a minority were Ca-Mg-HCO 3 -SO 4 , Ca-Na-HCO 3 -SO 4 , Ca-HCO 3 -Cl-SO 4 , Ca-HCO 3 -SO 4 -Cl, Ca-Na-Mg-HCO 3 , Ca -Mg-HCO 3 and Ca-Na-HCO 3 . The water type of river water was Ca-Mg-SO 4 ( Figure 4 ).
Stable Isotopes
Among the collected water samples, river water had the most enriched δ 18 O and δ 2 H values, ranging from −6.11 to −5.9 and from −46.8 to −45.9 , respectively. On the other hand, river water had the lowest d-excess (between 1.26 and 2.09 ). River water samples plotted below the Global Meteoric Water Line (GMWL) (δ 2 H = 8δ 18 Two groups of groundwater were identified based on stable isotope values ( Figure 5 ). Samples in group 1(G1) had low stable isotopic composition and were located around the GMWL. The stable isotope signatures of these samples showed little or no evaporative enrichment, which indicated these samples were mainly recharged by local precipitation. Samples in group 2 (G2) had elevated stable isotopic values, and were located below the GMWL with deviation direction toward to the river water samples. These signatures suggested that these samples were mixed with infiltrated river water, because the precipitation recharge did not show evaporative enrichment prior to recharging the aquifer. The sample collected in Longdong (JN20) was the only sample located above the global meteoric water line GMWL, reflecting the heterogeneous water flow in karst aquifer. 
Among the collected water samples, river water had the most enriched δ 18 O and δ 2 H values, ranging from −6.11‰ to −5.9‰ and from −46.8‰ to −45.9‰, respectively. On the other hand, river water had the lowest d-excess (between 1.26‰ and 2.09‰). River water samples plotted below the Global Meteoric Water Line (GMWL) (δ 2 H = 8δ 18 Two groups of groundwater were identified based on stable isotope values ( Figure 5 ). Samples in group 1(G1) had low stable isotopic composition and were located around the GMWL. The stable isotope signatures of these samples showed little or no evaporative enrichment, which indicated these samples were mainly recharged by local precipitation. Samples in group 2 (G2) had elevated stable isotopic values, and were located below the GMWL with deviation direction toward to the river water samples. These signatures suggested that these samples were mixed with infiltrated river water, because the precipitation recharge did not show evaporative enrichment prior to recharging the aquifer. The sample collected in Longdong (JN20) was the only sample located above the global meteoric water line GMWL, reflecting the heterogeneous water flow in karst aquifer. 
222 Rn
The average 222 Rn concentration in river water was 1.22 Bq/L, while the 222 Rn concentration in groundwater showed considerable variability, from 0.01 to 40.26 Bq/L in May and from 0 to 40.11 Bq/L in October. The groundwater samples were divided into three groups based on the relationship between 222 Rn and TDS, indicating different flow paths with different dynamic conditions. The groundwater samples in group 1 had a lower 222 Rn concentration, which was positively correlated with TDS. The groundwater samples in group 2 had higher 222 Rn concentration, which was also positively correlated with TDS. The two groundwater samples in group 3 had the highest 222 Rn (Figure 6 ). 
The average 222 Rn concentration in river water was 1.22 Bq/L, while the 222 Rn concentration in groundwater showed considerable variability, from 0.01 to 40.26 Bq/L in May and from 0 to 40.11 Bq/L in October. The groundwater samples were divided into three groups based on the relationship between 222 Rn and TDS, indicating different flow paths with different dynamic conditions. The groundwater samples in group 1 had a lower 222 Rn concentration, which was positively correlated with TDS. The groundwater samples in group 2 had higher 222 Rn concentration, which was also positively correlated with TDS. The two groundwater samples in group 3 had the highest 222 Rn (Figure 6 ).
Bq/L in October. The groundwater samples were divided into three groups based on the relationship between 222 Rn and TDS, indicating different flow paths with different dynamic conditions. The groundwater samples in group 1 had a lower 222 Rn concentration, which was positively correlated with TDS. The groundwater samples in group 2 had higher 222 Rn concentration, which was also positively correlated with TDS. The two groundwater samples in group 3 had the highest 222 Rn (Figure 6 ). 
Hierarchical Cluster Analysis
Three groups (C1, C2, and C3) were obtained by hierarchical cluster analysis (HCA) for groundwater samples in May using a Euclidean distance of 15 ( Figure 7) . Table 3 presents the average values of chemical and isotope data in each group. The group C1 mainly consisted of the groundwater samples from the water source area (JN21/JN22/JN23) and karst springs (JN24/JN25/JN26), with lowest average TDS values of 431 mg/L. The groundwater samples from group C2 had the lowest HCO3 − , highest SO4 2− , and most enriched stable isotope. The groundwater samples in group C3 had the highest TDS of 610 mg/L with highest concentration of HCO3 − , SO4 2− , Ca 2+ , and 222 Rn, and depleted stable isotope compositions.
Similarly, three groups (G1, G2, and G3) were obtained for groundwater samples in October using a Euclidean distance of 10. Table 4 presents the average values of chemical and isotope data in each group. The groundwater samples in group G1 had the lowest average TDS value of 365 mg/L. The groundwater samples in group G2 had the lowest HCO3 − , NO3 − , highest SO4 2− , Na + , least SIc, SId 
Three groups (C1, C2, and C3) were obtained by hierarchical cluster analysis (HCA) for groundwater samples in May using a Euclidean distance of 15 ( Figure 7 ). and Sig, and most enriched stable isotope. The groundwater samples in group G3 had the highest average TDS of 508 mg/L. 222 Rn characteristics of these samples, there were four kinds of temporal evaluation mechanisms for karst groundwater (Figure 8 ). Type III: 3 sites located very close to the streambed of Yufu River also had higher TDS in May than in October, and the seasonal differences were more obvious than that in type II. In addition, these sites had higher δ 18 O and δ 2 H values than other sites, and the stable isotope values were more enriched in October than in May. The TDS and stable isotope signatures proved the temporal variations were mainly caused by the recharge from the streambed of Yufu River. The effect of river water recharge was more obvious in October than in May for karst groundwater in this study; this was consistent with the flow conditions of the fracture karst aquifers in North China.
Type IV: 1 site from the east of the study area had the highest TDS in May, which may be from mixing with other water bodies, such as pollution water.
The 222 Rn did not show regular variation, which may due to the complex seasonal dynamic changes of the water flow environment. The hydrogeochemistry and stable isotope signatures reveal that the river water recharge changes the temporal variation of karst groundwater. The temporal variation revealed there was lag time between river water recharge event and the responses from karst groundwater. 
The Spatial Effect of the Recharge
The spatial effect of the recharge from the streambed could be revealed by the distribution of the groundwater samples. Figure 9 shows the distribution of groundwater samples based on the results from the hierarchical cluster analysis (HCA). According to Figure 9 , the Jinan karst system can be divided into four zones.
Zone I is located close to the streambed of Yufu River. Samples in this zone are recharged by river water with lower HCO3, Sic and SId, higher SO4, and enriched δ 18 O values compared with the groundwater in other zones.
Zone II is located in the middle area between the Yufu River and the karst springs in city center. Type I: 3 sites located far away the streambed of Yufu River had similar TDS in May and October, did not show seasonal variation. Sample 20 was collected in Longdong, and had obviously enriched δ 18 O and δ 2 H in May, which may be due to the dependent water flow in May caused by the heterogeneity of the karst aquifer.
Type II: 9 sites from the reginal scope had higher TDS in May than in October, and similar δ 18 O and δ 2 H composition without showing seasonal variation.
Type III: 3 sites located very close to the streambed of Yufu River also had higher TDS in May than in October, and the seasonal differences were more obvious than that in type II. In addition, these sites had higher δ 18 O and δ 2 H values than other sites, and the stable isotope values were more enriched in October than in May. The TDS and stable isotope signatures proved the temporal variations were mainly caused by the recharge from the streambed of Yufu River. The effect of river water recharge was more obvious in October than in May for karst groundwater in this study; this was consistent with the flow conditions of the fracture karst aquifers in North China.
The 222 Rn did not show regular variation, which may due to the complex seasonal dynamic changes of the water flow environment. The hydrogeochemistry and stable isotope signatures reveal that the river water recharge changes the temporal variation of karst groundwater. The temporal variation revealed there was lag time between river water recharge event and the responses from karst groundwater.
The spatial effect of the recharge from the streambed could be revealed by the distribution of the groundwater samples. Figure 9 shows the distribution of groundwater samples based on the results from the hierarchical cluster analysis (HCA). According to Figure 9 , the Jinan karst system can be divided into four zones. area, the higher one represents the water from the indirect recharge zone with a longer flow path, eand the lower one represents the water from the direct recharge with a short flow path. Zone Ⅲ is located in the discharge area. Karst springs in this zone respond to the river water recharge immediately in the aspect of water level dynamic [27] . The average flow rate of karst groundwater is 100m/day in Jinan by the tracer test. The distance between the springs in city center and the permeable section of the Yufu River is around 20km; the shortest response time is 200 day, without consideration of the tortuosity factor. Therefore, the immediate responses of spring water level to river water infiltration are the results of pressure waves, showing the hydraulic connection between the streambed and karst springs. The responses of hydrogeochemistry and isotope are the responses to the actual recharge with time tag [32] . Therefore, in respect to hydrogeochemistry and isotope, these springs belong to C1 in May, indicating they do not receive the river water recharge, of mixing with river water, and belong to G2 in October, reflecting the recharge from river water.
Zone IV is located in the northwest of Jinan city with several water resource sites. Groundwater in this zone has better quality with less TDS. 
Hydrogeochemical Processes Along the Flow Paths
Based on the signatures of groundwater samples in different spatial zones, the main effect area of the river water recharge is around the streambed. The potential flow path of the river water recharge was identified by the counter line of δ 18 O in groundwater, which was from Dongkema to Manzi to Shaoer, through Shanyao toward springs in city center (JN4 → JN10 → JN9 → JN5 → JN28/JN29 in May, and from JN35 → JN30 → JN42 → JN33 → JN53/JN54 in October). The hydrogeochemical processes along the flow path of river water recharge were complex and different in different zones (Figure 10) .
At the beginning of the flow path (zone I), from Dongkema to Manzi, the SIc, Sid, and SIg decreased in May (JN4 to JN10), while it increased in October (JN35 to JN30). In addition, Cl − and Na + decreased and NO3 − increased in both May and October. The variations were mainly the results of mixing with the less mineral river water.
At the middle of the flow path (zone II), from Manzi to Shanyao, the SIc and SId increased in May and October. The Na + concentration did not show obvious variation, while the Cl − and NO3 − increased obviously. The variations of hydrogeochemistry were controlled by both river water mixing and natural water-rock interaction.
At the end of the flow path (zone III), from Shanyao to Baotu Spring, the SIc, Sid, and SIg Zone I is located close to the streambed of Yufu River. Samples in this zone are recharged by river water with lower HCO 3 , Sic and SId, higher SO 4 , and enriched δ 18 O values compared with the groundwater in other zones.
Zone II is located in the middle area between the Yufu River and the karst springs in city center. Groundwater in this zone has both the highest TDS (groundwater samples in C3/G3) and the lowest TDS (groundwater samples in C1/G1). The different TDS concentration reflects the different recharge area, the higher one represents the water from the indirect recharge zone with a longer flow path, eand the lower one represents the water from the direct recharge with a short flow path.
Zone III is located in the discharge area. Karst springs in this zone respond to the river water recharge immediately in the aspect of water level dynamic [27] . The average flow rate of karst groundwater is 100 m/day in Jinan by the tracer test. The distance between the springs in city center and the permeable section of the Yufu River is around 20 km; the shortest response time is 200 day, without consideration of the tortuosity factor. Therefore, the immediate responses of spring water level to river water infiltration are the results of pressure waves, showing the hydraulic connection between the streambed and karst springs. The responses of hydrogeochemistry and isotope are the responses to the actual recharge with time tag [32] . Therefore, in respect to hydrogeochemistry and isotope, these springs belong to C1 in May, indicating they do not receive the river water recharge, of mixing with river water, and belong to G2 in October, reflecting the recharge from river water.
Zone IV is located in the northwest of Jinan city with several water resource sites. Groundwater in this zone has better quality with less TDS.
Based on the signatures of groundwater samples in different spatial zones, the main effect area of the river water recharge is around the streambed. The potential flow path of the river water recharge was identified by the counter line of δ 18 O in groundwater, which was from Dongkema to Manzi to Shaoer, through Shanyao toward springs in city center (JN4 → JN10 → JN9 → JN5 → JN28/JN29 in May, and from JN35 → JN30 → JN42→ JN33 → JN53/JN54 in October). The hydrogeochemical processes along the flow path of river water recharge were complex and different in different zones ( Figure 10 ). The quantitative variations of mineral phases along the flow paths were calculated by inverse hydrogeochemical modeling. For the streambed of Yufu River to springs in city center, the hydrogeochemical processes were complex and different in May and October (Table 5 ). In May, calcite dissolved first and then precipitated along the flow path, gypsum precipitated first and then dissolved along the flow path, and dolomite generally precipitated along the flow path. In October, calcite and dolomite dissolved first and then precipitated along the flow path, and gypsum was generally in the condition of precipitation along the flow path. 
No.
Flow path Transferring Molar Concentration of Mineral Phase (mmol/L) Figure 10 . The variation of SIc, SId, SIg, NO 3 , Cl, and Na along the flow path of river water recharge (zone I, zone II, and zone III were obtained from the cluster analysis from Figure 9 ). (a) the variation of SIc, SId, SIg along the flow path in May, (b) the variation of SIc, SId, SIg along the flow path in October, (c) the variation of NO 3 , Cl, and Na along the flow path in May, (d) the variation of NO 3 , Cl, and Na along the flow path in October.
At the beginning of the flow path (zone I), from Dongkema to Manzi, the SIc, Sid, and SIg decreased in May (JN4 to JN10), while it increased in October (JN35 to JN30). In addition, Cl − and Na + decreased and NO 3 − increased in both May and October. The variations were mainly the results of mixing with the less mineral river water. At the middle of the flow path (zone II), from Manzi to Shanyao, the SIc and SId increased in May and October. The Na + concentration did not show obvious variation, while the Cl − and NO 3 − Water 2019, 11, 479 15 of 18 increased obviously. The variations of hydrogeochemistry were controlled by both river water mixing and natural water-rock interaction.
At the end of the flow path (zone III), from Shanyao to Baotu Spring, the SIc, Sid, and SIg decreased in both May and October (JN5 to JN28 in May and JN33 to JN53); NO 3 − , Cl − , and Na + also decreased, reflecting the fact that the water in discharge area is a mixture of water from different recharge area. The quantitative variations of mineral phases along the flow paths were calculated by inverse hydrogeochemical modeling. For the streambed of Yufu River to springs in city center, the hydrogeochemical processes were complex and different in May and October (Table 5 ). In May, calcite dissolved first and then precipitated along the flow path, gypsum precipitated first and then dissolved along the flow path, and dolomite generally precipitated along the flow path. In October, calcite and dolomite dissolved first and then precipitated along the flow path, and gypsum was generally in the condition of precipitation along the flow path. 
Quantify the Proportion of River Water in Groundwater
A two component mixing model was used to estimate the proportion of river water (ω) in groundwater, defined as:
where c g , c g , and c r are the δ 18 O values in the groundwater, groundwater without mixing with river water, and river water, respectively. The δ 18 O value of river water endmember was −6.0 , which was the average value of the δ 18 O values in river water samples. The groundwater samples located around the GMWL were the groundwater endmember, with an average δ 18 O value of −8.6 both for May and October. Substituting the δ 18 O values of the two endmembers into the above equation, the results show that the river water proportion in groundwater ranged from 26.5% to 66.2% in May, and from 39.1% to 100% in October (Table 6) .
Among these sites, the Longdong (JN20), Baiyunguan (JN18), and Kuangcun (JN51) sites could not receive the recharge from Yufu River based on the topographic and hydrogeological conditions. The enrichment of stable isotopes of these sites may be caused by other recharge sources or different flow paths. Dongkema (JN36) had a river water mixing ratio of 100% in October, which indicates that the streambed of Yufu River in Dongkema section had a strong infiltration capacity. In addition, from the river water proportion, the recharge effect was more obvious in October than in May, which could be proven by: (1) the groundwater samples from four sites, Dongkema (JN4/JN39), Zhongqi (JN6/JN31), Luoer (JN7/8/JN32), and Manzi (JN10/JN30), had higher river water proportions in October than that in May; (2) the Shigu (JN3/37) site did not show mixing with river water in May, while it was recharged by river water in October. Chloride is typically considered to be conservative, and was used to calculate the mixing proportion of river water in groundwater [6] . However, the similar concentrations in river water (38.4 mg/L) and groundwater (averagely 49.6 mg/L in May and 36.2 mg/L in October) precluded its effectiveness as a tracer to quantify the mixing between river water and groundwater in the Jinan karst system. The efficiency of tracers in quantifying the interaction between river water and groundwater is dependent on the differences in endmember values [4] . The exception was the stable isotope 222 Rn, which showed obvious differences in river water and groundwater. However, it was not effective in determining the mixing fractions of river water and groundwater in this study, because 222 Rn does not necessarily move conservatively with water.
Conclusions
The effects of recharge from streambed of Yufu River on Jinan karst system are evaluated using hydrogeochemistry and stable isotope. 
